' INTRODUCTION
Carbon nanotubes (CNTs) continue to attract considerable attention due to their unique electrical and mechanical properties. They are used as field emission electrodes, as biosensors, in composite materials, in catalysts, and in consumer products.
1À6
Carbon nanotubes can be produced by different methods including catalytic chemical vapor deposition (CCVD), for which a growth promoter is carried in the vapor phase to provide surface nucleation sites for the CNTs. A common growth promoter is ferrocene, Fe-(C 5 H 5 ) 2 .
7À13 During the CCVD process, Fe from ferrocene is incorporated inside the CNTs.
Previous studies have shown Fe phases in CNTs to be present as iron carbides or as metallic Fe (e.g., refs 11 and 14À16). In one of the previous studies from this group, 14 data were presented from CNTs grown in a large (V = 16 L) CCVD reactor, showing that under most reaction conditions CNTs containing iron carbides were produced. However, under certain growth parameters, disordered metallic Fe (α-Fe) was formed inside the nanotubes. In that particular case, the nanotubes containing α-Fe were up to 8 times longer (320 μm) than the CNTs containing carbides, and the production yield (59%) was about twice as high as for the nanotubes containing iron carbides (see Table 3 in ref 14) . The incorporation of metallic iron in these nanotubes opens interesting application perspectives whereby the iron may act as nanowires or the CNTs may be an effective way of shielding Fe nanoparticles from air exposure and, thus, oxdiation. The oxidation behavior of iron bulk surfaces and of nanomaterials is well understood. Upon exposure to oxygen and at room temperature and moderately elevated temperatures (e.g., 100°C), iron forms within minutes an oxide layer of a few nanometers thickness (e.g., refs 17À21), and even at low oxygen partial pressure of only 10À7 mbar, a 2 nm thick surface oxide layer forms within 20 min of exposure (ref 22 and references therein). Everyday experience furthermore shows that under ambient conditions with moderate humidity (RH > 50%), bulk iron corrodes within a matter of weeks to months.
Potential novel applications based on systems such as carbon nanotubes containing iron and their magnetic and electric properties include spintronics, high-density storage devices, and tumor therapy. 7, 23, 24 From the point of view of production output and product quality, then, the CCVD synthesis route leading to metallic Fe inside the CNTs has a number of advantages. While effort needs to be made to assess specific microscopic CNT properties and optimize production parameters, consideration of the stability of one of the nanotubes' key functional parameters, that is, the metal content inside the tubes, is also required. If one of the goals of CNT research is to develop carbon nanotubes for a wide field of applications based on the contents inside the nanotubes, then the long-term stability of CNTs is central to ensure proper functionality and sufficient shelf life of the corresponding product or material. Some aspects of the stability of CNTs have been previously investigated: Field emission electrodes have shown no or little degradation under working conditions for up to about 100 h, 25À28 and biosensors and electrodes exhibited good stability over weeks to months.
29À31
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The Journal of Physical Chemistry C ARTICLE stability of metallic phases inside CNTs. It can be expected, however, that degradation of the metallic cores will impact the properties of the nanotubes. In the case of the study presented here, the preservation of the specific structure and valence state of the iron inside the CNTs is vital for further development of ironcontaining carbon nanotubes and for successfully linking CNT qualities (e.g., length) and production parameters (e.g., yield) to their microstructure and their stability. Investigating the shelf life of CCVD synthesized carbon nanotubes is thus one of the next steps toward developing future applications and markets. This study focuses on the structural stability of Fe inside CCVD-grown multiwalled CNTs (MWCNTs) over a long-term period of close to 3 years. In order to assess the Fe structure inside the nanotubes, X-ray absorption spectroscopy (XAS) was chosen as it allows heavier metals (e.g., Fe) encapsulated in a light matrix (e.g., C) to be investigated element-specifically, nondestructively, and without complex sample preparation procedures. X-ray absorption spectroscopy was used to monitor structural and chemical changes in the Fe phases. The material for this work was chosen from a previous XAS study whereby the iron was found to be present in the metallic state.
14 Analyses were performed at t = 0, 3.5, 17.5, and 31.5 months of storage, respectively. The extended X-ray absorption fine structure (EXAFS) results are supported by depth profiling X-ray photoelectron spectroscopy (XPS) analyses. At t = 31.5 months, a basic heat treatment of the CNTs was carried out to investigate structural stability under moderate thermal stress. All results show a high degree of structural stability of the iron.
' EXPERIMENTAL SECTION
Carbon nanotubes from a previous study, 14 were used at specific times during storage (t = 0, 3.5, 17.5, and 31.5 months). The MWCNTs were stored in a closed but unsealed vial in a laboratory environment around 21°C and 55% relative humidity (RH). At t = 31.5 months, a subsample was taken, placed in a Petri dish, and stored for 15 h at 80°C to assess the thermal stability of the encapsulated phases upon short-term exposure to elevated temperatures after long-term storage.
For XAS experiments, ca. 40À50 mg of MWCNT powder was sampled from the vial, carefully mixed with 50À100 mg of cellulose powder (SigmaÀAldrich, 20 μm particle size), and pressed to 13 mm diameter disks by use of a manual hydraulic pellet press (Specac). XAS data were acquired at the Australian Synchrotron and at the Hamburg Synchrotron Radiation Laboratory (HASYLAB), Germany. Scans were recorded at the FeÀK absorption edge in transmission mode at room temperature. The photon energy was controlled by use of Si (111) doublecrystal monochromators at both synchrotron facilities (see also ref 14) . Data were processed and modeled by use of the freeware VIPER.
32 Spectra were background-subtracted, the EXAFS oscillations above the absorption edge were extracted [χ(k)k 2 ], and Fourier transformations were obtained. Models and fits were performed in k-space using the first two major coordination shells (R ∈ [1.1 Å; 4.0 Å]) after Fourier back-transformation. The fit model was based on previous results 14 using single-scattering (FeÀFe) and multiple-scattering paths (FeÀFeÀFe) derived from the structure of α-Fe; the models also included an FeÀO contribution to assess the presence of oxidized iron. All paths were calculated with FEFF 6 L. 33 XPS analyses were performed on fresh and stored (31.5 months; room temperature) MWCNTs, on laboratory X-ray instruments with monochromatic Al Kα sources (Kratos Axis Ultra and Kratos Nova, respectively; I = 10 mA; U = 15 kV; analysis area 700 Â 300 μm 2 ). Charge neutralizers were employed to ensure spectral quality. The fresh MWCNTs were analyzed in powder form as received. The stored MWCNTs were in the form of vertically aligned forests of carbon nanotubes that had been grown directly onto quartz glass slides. The slides were then infused with room-temperature curing epoxy resin and a torque stub was bonded to the surface of the MWCNT-resin coating. Once the resin was cured, force was applied to the torque stub until the resin and MWNT coating was sheared off the quartz slide. Failure of the resin and MWCNT coating typically occurred in close proximity to the coating and quartz interface. XPS analysis of the failed coating surface in conjunction with argon ion beam etching provided the ability to interrogate the chemical condition of the iron catalyst contained within the MWNTs. Scanning electon microscopy (SEM; field emission LEO 1530VP) was used to confirm that MWCNTs were entirely removed from the quartz surface and that the MWCNTs had grown predominantly perpendicularly to the quartz substrate, thus enabling XPS depth profiling along the nanotube axes. For depth profiling in the XPS instrument, the resin-embedded nanotubes were etched with an Ar ion gun (ion gun beam energy E = 4 keV; extractor current I = 140 mA; source U = 3.8 kV; etch area 3 Â 3 mm 2 ).
' RESULTS AND DISCUSSION Figure 1 shows EXAFS oscillations χ(k)k 2 for the nanotube samples as a function of storage time. Also included are the spectra of the stored plus heated MWCNTs and of metallic iron (α-Fe). The first spectrum in the series (t = 0) and the spectrum of α-Fe were reported previously 14 and are included to illustrate the long-term storage behavior of the nanotubes. The EXAFS data presented exhibit only minor differences with fine structures, The Journal of Physical Chemistry C ARTICLE oscillation frequencies, and amplitudes very similar for all MWCNT spectra. This result qualitatively indicates that the iron phases associated with the nanotubes did not change significantly over time.
XPS data of fresh nanotubes (t = 0) showed Fe present only at minor levels (<1 at. %) with most of the iron detected in the fully oxidized state, Fe 2 O 3 , as expected. 34 Given that the depth of XPS analysis is on the order of 2À5 nm, the iron detected may be attributed to residual decomposed ferrocene on the surface of the nanotubes. This result is also supported by SEM analyses; previous energy-dispersive spectroscopy measurements have shown that most of the elemental iron is present inside the nanotubes. 34 The EXAFS data presented in Figure 1 were analyzed further in order to assess the atomic near-range structure of Fe inside the nanotubes. Corresponding fit results are summarized in Table 1 with the fits performed in k-space after Fourier forward and backtransforms (see Figure 2) . Very good agreement between data and fit could be achieved over almost the entire k-range. Only at high k-values (ca. > 14 Å À1 ) could some more prominent deviations be observed. However, these deviations were close to the noise level of the data before Fourier transformation and were, thus, not significant. For each spectrum, the fit results were generally similar, reflecting the similarities between the χ(k) shown in Figure 1 . Hence, the results for the four individual EXAFS spectra before heating were averaged as presented in Table 1 . For each parameter, R i , N i , and s i , two uncertainty values are reported: σ, the standard deviation, indicating the variation between data points contributing to the averages; and δ 0 , the average of the four individual uncertainties per parameter before averaging, indicating the uncertainty for each data point. As anticipated from comparison of the spectra of MWCNTs with that of metallic Fe (Figure 1) , the radial distances, R i , of the fitted scattering paths agreed well with the expected values for metallic iron. The uncertainties of R i were small, indicating little variation of this parameter across the different fits as shown by the similar frequencies of oscillations and structures in Figure 1 . The reduced amplitude of the EXAFS oscillations was reflected in reduced coordination numbers, N i , and increased disorder factors ("DebyeÀ Waller" factors), s i . These parameters are linked. Decreasing N i can, to some degree, be compensated by increasing s i . However, it should be noted that, in the EXAFS equation, N i occurs as a linear factor, whereas s i is included as exp(À2k 2 s i 2 ). Hence, N i applies as a linear scaling factor to the whole χ(k) independent of k, while s i applies as an attenuation factor primarily to higher k. In Figure 1 , the relative oscillation amplitudes within the envelope of the MWCNT data were similar to those of metallic Fe (note that the spectrum of Fe was scaled by 0.5 for presentation purposes). Hence the reduced amplitudes in the MWCNTs were primarily associated with a reduction in the coordination numbers. The fit results in Table 1 support this expectation, whereby the coordination numbers were distinctly reduced compared to the values for α-Fe. The reduction in N i is typical for nanoparticles, where the fraction of atoms at the surface is increased compared to the number of bulk atoms, and hence, an increased number of atoms are not fully surrounded by neighboring atoms. Furthermore, the reduced amplitude was affected by an increase in disorder in the structure as reflected in the increased parameters s i . These fit results were consistent with the results obtained earlier by the authors (see Table S1 in Supporting Information , taken from ref 14) , where it was concluded that amplitude reduction by a factor of ca. 0.5 compared to metallic Fe (see also Figure 1 ) could not exclusively be explained by missed scattering paths (i.e., neighbors N i ) but that increased structural disorder also needed to be taken into account. For a Due to the similarity of the individual fits, the averages of the corresponding parameters are reported here. These fit parameters are the coordination sphere radii R i ,coordination numbers N i , disorder factors s i , and energy shift E 0 . The energy shift was set as a global fit parameter: E 0 = 6.6 eV, δ 0 (E 0 ) = 0.3 eV, and σ(E 0 ) = 0.5 eV. The disorder factors for FeÀFe(ÀFe) scattering paths were constrained to be greater for shells with greater path lengths. Figure 2 . Example of Fourier-transformed (FT) and back-transformed (BFT) data of MWCNTs (here at t = 31.5 months), including fit results after modeling by use of scattering paths as described in Table 1 . The vertical dashed lines in the top panel indicate neighbor shells that were included in the BFT.
The Journal of Physical Chemistry C ARTICLE modeling of the EXAFS data in this study, also a small contribution owing to the presence of Fe 2 O 3 was taken into account. This contribution was indicated by a weak shoulder at the leading edge of the first peak of the Fourier transform (see Figure 2a) . Including a corresponding FeÀO single scattering path in the model facilitated a good fit as shown in Figure 2b , whereby the reduced intensity of the FeÀO signal (N FeÀO = 0.7 ( 0.2) contributed only to the χ(k) at low k and, thus, did not significantly alter the general fit results of the metallic Fe. This was reflected in the fact that the parameters obtained in Table 1 were consistent with previous work where no FeÀO contribution was considered. In the study presented here, however, the potential contribution of iron oxide was an important aspect of assessing potential degradation of the iron phases inside the nanotubes upon exposure to air. Overall, it was found that the coordination number for FeÀO scattering paths did not change as a function of storage and that the presence of these paths was explained by the presence of small amounts of Fe 2 O 3 on the outside of the nanotubes, as found previously by XPS. Given that the inner diameter of the nanotubes was previously found to be ca. 25 nm, a thin oxide layer of only 2 nm (see Introduction) would have comprised approximately 40% of the volume of the iron phases and would have readily been detected by EXAFS. The EXAFS fit results presented so far and their consistency with previous findings, thus, quantitatively support the stability of the disordered Fe phases inside the nanotubes over time. Since the system considered here effectively consists of only two components, C from carbon nanotubes and Fe from iron inside the nanotubes, and since exposure to oxygen (air) would have led to a significant contribution of iron oxide signals in the EXAFS data, it can be concluded that the presence of carbon in the form of MWCNTs was the factor stabilizing the otherwise reactive iron phases.
In Figure 3 , XPS depth-profiling results are shown for the fracture surface of MWCNT and resin coating prepared from MWCNTs at t = 31.5 months. These nanotubes had grown in a carpetlike structure primarily perpendicular to the substrate. A corresponding SEM image of a typical nanotube flake is presented in Figure 4 . The structures shown in the image are representative of the MWCNTs used for the XPS experiments in this study. As described above, the nanotubes had been embedded in an epoxy resin, and the resin had been sheared off the substrate. Depth profiling was performed on the failed coating side and the corresponding elemental concentrations of Fe, C, O, and N are shown in Figure 4 as a function of etching time, t e . The first data point before etching (t e = 0 s) reflects the initial state of the fracture surface and indicates the iron concentration is very low (∼0.5 at. %).
At t e ≈ 120s, the Fe concentration shows a broad maximum at just under 2.5 at. %. After 200 s of etching, the iron concentration decreases and plateaus to a value of 0.5 at. %. The presence of iron is attributed to iron species within the nanotubes, given the The Journal of Physical Chemistry C ARTICLE geometry of the sample and the direction of the depth profiling, which would expose the cross-sectional area of the vertically aligned nanotube array. During the depth profile, high-resolution region scans of the Fe 2p 3/2 emission line confirmed the iron to be present in the metallic state (see Figure 3 inset), thus supporting the validity of the EXAFS analyses. In addition to storage at room temperature, a sample of the MWCNTs was also subjected to a moderate heat treatment for 15 h at 80°C at the end of the storage period. This treatment was used to investigate the stability of the iron phases under some elevated thermal stress after long-term storage, thus simulating conditions that may occur in materials or products for short periods of time at some point during their life cycle. The corresponding EXAFS fit results are summarized in Table 2 . Since only one sample was investigated, no standard deviation σ is given. The data show that, also after heating, the iron phases remained in their disordered metallic state. Interatomic distances, coordination numbers, and disorder factors were consistent with the data of the MWCNTs stored at room temperature, and no increase in the coordination number corresponding to FeÀO scattering paths was observed.
' CONCLUSION
In this study, the iron phases inside multiwalled carbon nanotubes were investigated as a function of storage under ambient conditions over a period of more than 2.5 years. It was found that the iron remained stable in a metallic state with the atomic near-range structure consistently showing an elevated level of disorder when compared to that of α-Fe (bcc-Fe). Subjecting the nanotubes to elevated temperatures (80°C) over a short period of time (15 h) did not alter the structure of the iron, thus indicating stability under conditions that may typically be encountered either during manufacturing or during operation of the final product or material. These findings show that the nanotubes acted as an inert container for the storage and preservation of otherwise quickly oxidizing metallic phases under common storage or moderate thermal stress conditions. Preservation of the metallic state is important when it comes to securing the shelf life of products and materials that are dependent on stability and integrity of the metallic phases contained within carbon nanotubes. 
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